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A B S T R A C T 
The refractive index changes induced by swift ion-beam irradiation in silica have been measured either 
by spectroscopic ellipsometry or through the effective indices of the optical modes propagating through 
the irradiated structure. The optical response has been analyzed by considering an effective homoge-
neous medium to simulate the nanostructured irradiated system consisting of cylindrical tracks, associ-
ated to the ion impacts, embedded into a virgin material. The role of both, irradiation fluence and 
stopping power, has been investigated. Above a certain electronic stopping power threshold (~2.5 keV/ 
nm), every ion impact creates an axial region around the trajectory with a fixed refractive index (around 
n = 1.475) corresponding to a certain structural phase that is independent of stopping power. The results 
have been compared with previous data measured by means of infrared spectroscopy and small-angle 
X-ray scattering; possible mechanisms and theoretical models are discussed. 
1. Introduction 
Silicon dioxide (Si02) is a material very abundant in nature that 
can be considered as a reference dielectric material. Its amorphous 
phase (silica) has been extensively studied and offers the appropri-
ate network structure to understand the behavior of glasses and 
ceramics. The properties of silica: transparency, low dielectric 
losses and chemical inertness, make it the most adequate material 
for several key technologies going from microelectronics to pho-
tonics, e.g. fiber and integrated optics [1]. Moreover, the study of 
defects created by irradiation in this material is of much relevance 
for nuclear (both fusion and fission) installations [2] and space 
applications [3,4]. 
For ion-beam irradiation one has to consider two basic regimes, 
one associated to elastic collisional processes and the other one 
being dominated by the energy deposited by electronic excitation 
[5]. The first regime is quite universal and the processes are rea-
sonably well understood so that efficient simulation codes are 
available [6]. The electronic regime, which is particularly dominant 
for medium - or high - mass ions at high energies, has been less 
investigated and is less understood, although several theoretical 
models have been proposed [7-10]. For silica, the damage caused 
by ion-beam irradiation in the electronic excitation regime is 
rather scarce [11-18]. In fact, the structure of the damage and 
the active microscopic mechanisms are not yet fully understood. 
What it is well ascertained is that point defects, color centers 
and heavy structural disorder are produced during this process 
[19] and the atomic network undergoes significant compaction 
[11-15] due to changes in the distribution of ring sizes [20,21] pro-
duced by both, ionization events and atomic collisions. The densi-
fication process, which results in an increase of the refractive 
index, has been found to saturate with fluence [11]. This effect 
has been investigated by infrared spectroscopy [22,23], and more 
recently through the associated refractive index changes that allow 
for light propagation at the irradiated surface (waveguiding) [24]. 
The purpose of this work has been to improve our experimental 
information on the irradiation-induced changes of refractive indi-
ces by comparing the results of two optical techniques: spectro-
scopic ellipsometry and dark-mode propagation. The advantages 
and disadvantages of each technique will be discussed and related 
to the other methods used for investigation. In particular, the new 
results provide a better understanding of the compaction kinetics 
and give some clues on the cumulative character of the electronic 
damage. 
2. Experimental 
Two kinds of samples were used in the experiments: pure silica 
plates (OH content below 5 ppm) of around 7 x 8 mm2, purchased 
from EMS and Si02 thin films obtained by thermal oxidation of a 
silicon substrate (provided by Siegert Consulting e.K.), with the 
same dimensions and a thickness of around 500 nm. The bulk 
and thin film samples were irradiated at several fluences with Br 
at 25 MeV and CI at 10 MeV, respectively, in the 5 MV tandetron 
accelerator at the Centro de Micro-Análisis de Materiales (CMAM) 
[25]. For Br at 25 MeV (CI at 10 MeV) the electronic stopping power 
at the surface is 5.7 keV/nm (3.6 keV/nm) and the projected range 
is 8.1 urn (4.6 urn); these values were derived from simulations 
performed using SRIM 2008 [6,26]. The irradiations were per-
formed at room temperature, keeping the current below 10 nA to 
reduce the heating of the samples. 
Two main optical techniques have been used for the character-
ization of the samples: spectroscopic ellipsometry (SE), and dark-
modes (DM) analysis. In the dark-mode method, light of 
X = 633 nm from a He-Ne laser is launched through a glass prism 
(n = 1.8315) into the waveguide generated by irradiation in the silica 
sample. The incoming incidence angle is varied so that whenever the 
angle corresponds to a propagating mode the beam is coupled into 
the waveguide and the reflected beam is lost, appearing as a dark line 
on the observation screen. In this way one obtains the effective index 
nm of the mode m, nm = n sin(0m), Qm being the corresponding inci-
dence angle with respect to the normal of the sample. From the 
effective indices, the refractive index profile at the waveguide is 
reconstructed from a fit to a solution of the wave equation, using 
the Wentzel-Kramer-Brillouin (WKB) method [27]. Transverse-
electric (TE) and transverse-magnetic (TM) polarization geometries 
were used to observe any possible differences that might be associ-
ated to anisotropy induced during the swift-ion irradiation. 
Ellipsometric measurements were carried out at room temper-
ature with an angle of incidence (with respect to the normal of the 
sample) of 75°, using a spectroscopic ellipsometer of the rotating 
compensator type (M-2000FI by J.A Woollam Inc.), in the photon 
energy range 0.73-5.8 eV The main ellipsometric equation [28] 
is p = rp/rs = t a n ^ ) exp(¡ • A), where p is the complex reflectance 
ratio and rp and rs are the Fresnel reflection coefficients for light 
polarized parallel and perpendicular to the plane of incidence, 
respectively. Here tan(f) represents the amplitude ratio upon 
reflection and A the phase shift. SE is a model-based technique 
where the physical parameters are not directly measured but cal-
culated by minimizing the difference between the measured spec-
trum of the ellipsometric parameters and the values calculated 
from the model. The difference was calculated by means of the re-
duced x2 function [29]. 
3. SE models 
The models used in this paper to perform the analysis of the 
ellipsometric spectra are shown in Fig. 1. In the case of the bulk sil-
ica samples, we firstly determined the optical properties (n and k) 
of virgin silica from a point-by-point direct inversion of the mea-
sured tan( f ) and cos(zl) values. Then, the sample with the highest 
fluence (2 x 1014cirr2) was analyzed (model shown in Fig. la), 
assuming that the entire irradiated region was completely dam-
aged (i.e., that we have a step-like variation in the refractive index; 
hence, it was represented using only one layer). From this fit we 
found the optical properties of the fully-damaged silica and the 
thickness of the irradiated zone. For the samples with lower flu-
ences we have more complex profiles of refractive indexes; for this 
reason the damaged region was divided into nine equally spaced 
effective medium sublayers (this number is rather arbitrary, in this 
case it was the smallest number of sublayers required to obtain 
good fits of all the experimental data). All sublayers were com-
posed of a mixture (represented using the effective medium 
approximation) of virgin and damaged silica (Fig. lb), obtaining 
the damaged fraction in each of them from the fit. 
In the case of thermal silica, previous to the irradiation we 
determined the thickness of the Si02 thin film and the optical 
properties of the virgin silica for each sample, using the model 
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Fig. 1. Schematic representation of the models used to perform the ellipsometric 
analysis, (a) Only one layer was used to represent the sample with the highest 
fluence (2 x 1014 cm-2) because it was assumed that the irradiated region was fully 
damaged, (b) Nine sublayers were necessary for the irradiated region of the samples 
with lower fluences (1 x 1014cm~2 and below) because they had more complex 
refractive index profiles. The (c) virgin and (d) damaged thin films were so slim that 
any in-depth variation of the refractive index was below the sensitivity of the 
ellipsometer; hence, only one layer was used in both cases. 
described in Fig. lc. It was also assumed in this case that the sam-
ple with the highest fluence was totally damaged and then we 
determined the thickness and refractive index of the fully damaged 
silica. Finally, the rest of the irradiated samples were analyzed 
using the effective medium approximation (EMA) to calculate the 
optical properties of the damaged layer. In particular, this layer 
was assumed to be composed of a mixture of virgin and compacted 
(damaged) silica (Fig. Id). 
The Bruggeman model [30] was used to calculate the refractive 
index of the EMA layers (HEMA) from the optical properties of the 
constituent elements: 
fv: C(n 0 -ÍD- -C(nl- -v) 
0, 0) 
where fv and fD = 1 -fv are the virgin and damaged Si02 fractions, 
respectively, nv (nD) is the complex refractive index of the virgin 
(damaged) silica and G is the depolarization factor. In this work 
we have used a value of 0.5 for G [31,32], corresponding to an iso-
tropic medium with cylindrical inclusions [33]. Moreover, the com-
plex dielectric function (e = e-i + i e2) of the damaged Si02 was 
parameterized by means of cubic splines. The main advantage of 
this method over analytical representations of the dielectric func-
tion is that it favors convergence of the fitting procedures [34]. 
4. Results 
4.1. Spectroscopic ellipsometry of bulk silica samples 
Detailed data have been obtained on silica irradiated with Br 
at 25 MeV whose electronic stopping power at the surface 
(5.7 keV/nm) is much higher than the nuclear stopping power 
[35]. In order to analyze the data, we have carried out a first exper-
iment at a high enough fluence to assure that the sample is fully 
damaged throughout the whole ion range (i.e., that we have 
obtained a homogeneous damaged layer), Fig. la. This is in accor-
dance with a previous study [19] where we found that the irradi-
ated region reaches an uniform steady-state with a well-defined 
refractive index that is independent on irradiation conditions 
(ion type and energy). To test this assumption we left two param-
eters free for analysis, the refractive index of this final steady-state 
and the thickness of the layer. The analysis reveals an irradiated 
layer with a thickness, d, ~7.9 urn that coincides well with the 
ion range as derived from SRIM simulations (~8.1 urn). The calcu-
lated spectral dependence of the real and imaginary part of the 
refractive index is shown in Fig. 2, together with the spectral 
dependences assumed for the silica substrate. One observes a clear 
increase in the extinction coefficient (fc) at the visible wavelength 
range due to the formation of color centers. 
For the analysis of the refractive indices at lower irradiation flu-
ences, the top irradiated layer of 7.9 urn was divided into nine sub-
layers of equal thickness and having a constant refractive index. 
The results of this step approach are shown in Fig. 3a. From these 
refractive index profiles one can obtain the damage morphology by 
using an effective medium approach (see Section 5). For fluences 
below 4 x 1013 c n r 2 there was not enough contrast between the 
damaged and the virgin regions and, consequently, it was not pos-
sible to obtain information of the refractive index profiles. 
4.2. Spectroscopic ellipsometry of thermal silica 
In this case irradiations were performed with CI at 10 MeV, hav-
ing an electronic stopping power of 3.6 keV/nm at the sample sur-
face. One may note that these samples allow taking data at much 
lower fluences than those analyzed in the previous Section, due 
to the higher contrast between the silica thin film and the silicon 
substrate; leading to a more reliable determination of the compac-
tion kinetics. Furthermore, the optical techniques mostly collect 
information from the initial region, where the nuclear stopping 
power is almost zero, simplifying the analysis. The calculated film 
thickness and refractive index before irradiation and after several 
irradiation fluences are shown in Table 1. One observes that the de-
crease in thickness (compaction) measured directly reaches a value 
around 2 %, similar to that inferred in the bulk samples from the in-
dex change. Then, the damaged fraction was determined again by 
means of an effective medium approach. It was assumed that a 
steady index value was obtained after the highest fluence 
(3 x 1 0 " cm"2). 
4.3. Dark-modes 
The changes induced by irradiation with Br at 25 MeV in the 
bulk silica samples were also measured by means of dark modes, 
in order to facilitate the comparison with the ellipsometric data. 
The refractive index profiles obtained from the dark modes for var-
ious irradiation fluences are shown in Fig. 3b. They show relatively 
step profiles quite comparable to those obtained from SE and 
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Fig. 2. Real (n) and imaginary (k) part of the refractive index of virgin and damaged 
silica, obtained from spectroscopic ellipsometry. 
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Fig. 3. (a) Damaged fraction and (b) refractive index profiles of bulk silica samples, 
obtained for various fluences from spectroscopic ellipsometry and dark modes, 
respectively. 
roughly resembling the depth dependence of the electronic stop-
ping power. It is again observed that the index change is saturated 
somewhat above 101 4cnr2 . 
5. Discussion 
Both, the ellipsometric and dark-mode data for the refractive in-
dex profiles (Fig. 3) are quite consistent and clearly indicate that 
the changes induced by the irradiation are associated to the elec-
tronic stopping power. The compaction effect has been inferred 
from the change in refractive index for bulk and thermally oxidized 
samples, assuming proportionality to the crystal density. For the 
later samples the information has also been directly derived from 
the change in film thickness brought about by the irradiation. 
The normalized variation of the dielectric function can be calcu-
lated using the expression AE = (ef - e0)/eo. being e0 and ef the ini-
tial and final dielectric function of silica at the 633 nm wavelength. 
Likewise, the normalized variation of the thin film thickness is de-
fined by Ad = (d0 - df)ld0, being d0 and df the initial and final thick-
ness of the Si02 thin films. The data have not shown any evidence 
of anisotropic deformation of the glassy network. Interestingly, dif-
ferent compaction kinetics and track radii are inferred from the 
variations of refractive indexes and thicknesses for the thermal sil-
ica. To explain this result, it should be recalled that the ion tracks 
do not have a clearly defined border but instead the damage frac-
tion should fall in a more or less Gaussian way [10] from the center 
of the track to the undamaged region and, therefore, the radius va-
lue obtained by some technique depends on its sensitivity. The de-
scribed discrepancy suggests that the optical properties are much 
more sensitive than the thickness to small atomic changes in the 
silica. 
With our optical methods and using an effective medium 
approach, it has been possible to monitor the evolution of the 
Table 1 
Ion irradiation parameters for the Si02 samples, optical properties as determined 
from spectroscopic ellipsometry (SE) for both kind of samples and from dark modes 
(DM) for bulk Si02 and thin film thicknesses, determined from SE before (do) and after 
(df) the irradiation. 
Bulk Si02 
Fluence 
(cm-2) 
Virgin 
4.0 x 1012 
8.0 x 1012 
1.0 x 1013 
2.0 x 1013 
4.0 x 1013 
8.0 x 1013 
1.0 x 1 0 " 
4.0 x 1014 
rtSi02 
(DM) 
(633 nm) 
1.450700 
1.462435 
1.463588 
1.464423 
1.467885 
1.472633 
1.473763 
1.474178 
1.474651 
"SÍO2 (SE) 
(633 nm) 
1.4495 
-
-
-
-
1.4662 
1.4706 
1.4731 
1.4731 
Si02/Si 
Fluence 
(cm-2) 
Virgin 
1.0 x lO 1 2 
2.0 x 1012 
4.0 x 1012 
8.0 x 1012 
1.0 x lO 1 3 
2.0 x 1013 
3.0 x 1013 
-
%io2 (SE) 
(633 nm) 
1.4586 
1.4629 
1.4651 
1.4673 
1.4695 
1.4702 
1.4703 
1.4703 
-
do 
(SE) 
(nm) 
-
449.3 
523.7 
500.1 
527.0 
496.1 
519.8 
510.2 
-
df 
(SE) 
(nm) 
-
447.9 
519.8 
495.5 
518.3 
486.8 
509.5 
500.1 
-
damaged volume of the sample as a function of irradiation fluence. 
They provide a very useful alternative to the RBS/channeling tech-
nique, used to describe the kinetics of amorphization in crystalline 
materials, and that cannot be applied to amorphous media. SE and 
DM also present some advantages over IR spectroscopy, which has 
been mostly used in the past for this task [18,22,23], coming from 
the possibility of obtaining the depth profile of the refractive index 
change. Moreover, the IR method relies on a careful decomposition 
of the absorption spectra into the heavily overlapped bands corre-
sponding to certain ring structures presenting well defined posi-
tion and width. In this way one obtains structural information 
that has to be then related to crystal density. Finally, while SAXS 
have been used to provide estimations of the track radius [16,17] 
it cannot provide information on the amorphization kinetics and 
its use is somewhat limited by the required sample preparation. 
It should be noted that the variations on the refractive index pro-
duced by compaction are small (0.02-0.03); however, we have 
estimated that the experimental error of the methods employed 
for the determination of the refractive index is ~10-3 and, conse-
quently, we are able to follow with great accuracy its evolution 
with the irradiation. Likewise, the error on the measured thin film 
thicknesses, is also quite small (1-2 nm), due to the high contrast 
of refractive indices between Si02 and Si. 
The results derived from ellipsometry and dark-modes are plot-
ted in Fig. 4. Taking into account that such damaged volume is just 
the accumulation of individual damage tracks one can fit the nor-
malized variation of either the dielectric function or the thin film 
thickness to a modified Poisson law: (a[l - exp(-acp)] [36], which 
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Fig. 4. Normalized variation of either the Si02 dielectric function or the thin film 
thickness. The experimental values were fitted using a modified Poisson law: 
a\\ - exp(-<x</>)], which allowed us to determine first the cross section of the track 
(<x) and then its radius (R = yjajii). 
30 
25 
20 
E 15 
c 
ílO 
5 
0 
• SE - This work 
• DM - This work 
- SAXS-Ref. [16] 
• SAXS-Ref. [17] 
- * DM-Ref. [19] 
. • IR-Ref. [22] 
• IR-Ref. [23] 
Aeí 
» . --r . . .'.' 
''', 
Í 
'.-''' 
-
4 6 
S ( keV /nm; 
8 10 12 14 
Fig. 5. Track radii in silica as a function of the stopping power at the surface of the 
sample, obtained from the literature (determined by small-angle X-ray scattering 
[16,17], dark modes [19] and infrared spectroscopy [22,23]) and from this work 
(dark modes and spectroscopic ellipsometry). The red continuous line is a fit of the 
data using the model developed by Szenes [37] and the black dashed lines represent 
the confidence bands (95%). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
allows the determination of the track cross section {a) and then its 
radius (R = y/a/n). A track radius of 1.8 ± 0.5 nm was calculated 
for the bulk silica irradiated with Br at 25 MeV (DM). Similarly, 
track radii of 2.5 ± 0.4 and 3.5 ± 0.5 nm were found for the Si02 thin 
films irradiated with CI at 10 MeV from the variations in the film 
thickness and the refractive index, respectively (SE). 
The obtained radii are plotted in Fig. 5, together with data from 
previous experiments that cover a rather broad range in stopping 
powers at the surface of the sample. It is remarkable the wide dis-
persion in the values of the track radii; an effect probably produced 
by the fact that, as stated above, different techniques "see" differ-
ent damage thresholds. However, despite the existing dispersion 
there is a definite trend where below a certain value of stopping 
power (threshold) there are no tracks. We made a fit of the data 
using the model developed by Szenes (R2 =A In (Se/Sl); being A 
a proportionality constant and S'e the threshold stopping power) 
[37], obtaining a value of 2.5 ± 0.4 keV/nm for this threshold, which 
is very similar to the results obtained by other methods (~2 keV/ 
nm) [14,21,38,39]. Unfortunately the error of this determination 
is quite large, making clear that more experimental works would 
be needed for a more accurate determination of this threshold. 
6. Conclusions 
In this paper we have determined the damaged fraction induced 
by swift ion-beam irradiation in silica by spectroscopic ellipsome-
try and dark-modes. A track radius of 1.8 ± 0.5 nm was calculated 
from the variations in the refractive index for the bulk silica irradi-
ated with Br at 25 MeV. On the other hand, for the Si02 thin films 
irradiated with CI at 10 MeV we found track radii of 2.5 ± 0.4 and 
3.5 ± 0.5 nm from the variations in the film thickness and the 
refractive index, respectively. Then, using our values of track radii, 
together with the data reported in the literature, we were able to 
estimate a value of ~2.5 ± 0.4 keV/nm for the track formation 
threshold. Finally, the advantages of the optical methods over 
some other techniques like RBS/C, IR spectroscopy and small-angle 
X-ray scattering for the determination of the damaged fraction in 
amorphous materials have been discussed. 
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